Despite central roles of egg coat proteins in gamete recognition, their functions and composition are poorly understood. Here, we report that the proteome of the egg coat in the solitary ascidian Ciona intestinalis, called vitelline coat (VC) fraction, contains more than 800 proteins identified by mass spectrometry-based analyses. Over 100 proteins were enriched in the VC fraction compared with the VC-free egg proteome. The most abundant component in the VC was an apolipoprotein-like protein. The VC contained multiple homologs of mammalian zona pellucida (ZP) proteins, the number of which was unexpectedly large and most of which possessed epidermal growth factor-like repeats. Furthermore, the present study revealed that two fibrinogen-like proteins, v-Themis-A and -B, both of which are expressed in the VC, are the molecules responsible for the two self-sterility loci that were identified by our previous genetic study in this species.
Successful fertilization is a crucial process for sexual reproduction in living organisms. One of the key events in fertilization is a sperm-egg recognition step that takes place on the egg coat, an extracellular matrix of the egg. The egg coat provides both an adhesive scaffold and a formidable barrier to sperm so that only a single, congeneric and compatible sperm can penetrate through it. This recognition process mostly depends on a set of finely prearranged molecules that reside on the egg coat and sperm plasma membrane. Therefore comprehensive identification and characterization of such biomolecules are very important to understand the molecular mechanism of gamete recognition. Although several proteomic analyses have been performed on the sperm proteins in various organisms (1) (2) (3) , proteomic studies on the egg coat proteins have been scarcely conducted because of technical difficulties in the sample preparation.
A cosmopolitan ascidian, Ciona intestinalis, provides an ideal animal system for fertilization studies. The ascidian is a closest relative of vertebrates. Its egg coat is called vitelline coat (VC). 4 C. intestinalis undergoes external fertilization. Compared with mammalian eggs, a large quantity of readily fertilizable eggs can be easily obtained. Moreover, draft genome sequences and a large set of transcriptomic data are available (4, 5) .
Another interesting feature of the C. intestinalis VC is its allorecognizable ability. Nearly all ascdians are hermaphroditic, releasing both sperm and eggs nearly simultaneously, but many species, including C. intestinalis, exhibit self-sterility. It is shown that sperm fertility is closely related to its capability to bind to the VC: self-sperm do not bind as firmly to the VC as nonself-sperm (6) . This self/nonself-discriminating activity is obvious even between isolated (dead) VC and intact sperm, indicating that the VC contains female-side self-sterility factors.
In this report, we identified more than 800 proteins in the VC fraction of C. intestinalis by mass spectrometry (MS)-based proteomic analyses. Over 100 proteins were enriched in the VC fraction compared with the VC-free egg proteome. To the best of our knowledge, this is the most comprehensive proteome of the egg coat in animals.
We previously performed a positional cloning of two loci responsible for the self-sterility system of this species (7) . Combination of the genetic studies and the present proteomic analyses enabled us to present robust evidence that two fibrinogenlike proteins (v-Themis-A and -B) are responsible for the female-side self-recognition molecules.
EXPERIMENTAL PROCEDURES
Biological Materials-Adult C. intestinalis animals were collected in Mikawa Bay, Japan. Eggs were surgically obtained from the gonoduct. Follicle cells surrounding the egg were removed by shaking in Ca 2ϩ /Mg 2ϩ -free seawater. Eggs were gently homogenized in 0.2 ϫ Ca 2ϩ /Mg 2ϩ -free artificial seawater (4 mM EPPS (pH 8.0), 92 mM NaCl, and 2 mM KCl) containing a protease inhibitor mixture (1 mM phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, and Complete Mini (Roche)) with a Teflon homogenizer. The homogenate was filtered through a nylon mesh (40 m). The flow-through (FT) was saved for use as the VC-free egg extract fraction. The vitelline coat (VC) that remained on the mesh was washed by pipetting, using 0.2 ϫ Ca 2ϩ /Mg 2ϩ -free artificial seawater containing 0.005% Triton X-100 and further purified manually under a binocular microscope. The acid extract (AE) sample was prepared by immersing the defolliculated eggs in 10 mM HCl-containing artificial seawater for 15 min, and the supernatant fraction was used. All samples were extracted with Laemmli SDS-PAGE sample buffer containing 5% 2-mercaptoethanol and were denatured by boiling for 5 min prior to SDS-PAGE.
Gel Electrophoresis and In Gel Digestion-Samples of VC (100 g), FT (40 g), and AE (40 g) were used for SDS-PAGE (10% gel). After electrophoresis, the gel was stained with Coomassie Brilliant Blue and then cut into 48 (VC), 29 (FT), and 29 (AE) slices. Each gel piece was subjected to in-gel digestion with trypsin as described previously (8) . Briefly, each gel piece was destained with 25 mM ammonium bicarbonate (AB) in 50% acetonitrile (MeCN). After dehydration with MeCN and drying in a vacuum concentrator, the gel piece was re-hydrated with 10 mM dithiothreitol in 25 mM AB and incubated for 1 h at 56°C for reduction of disulfide bonds. The resulting free thiol groups of proteins were subsequently alkylated by incubating with 55 mM iodoacetamide in 50 mM AB for 45 min at 25°C in the dark. The gel piece was washed twice with 25 mM AB in 50% MeCN, dehydrated with MeCN, and dried up. Then each gel piece was re-hydrated in 50 l of 50 mM AB containing 10 g/ml trypsin (sequence-grade modified trypsin, Promega) for 30 min on ice. After removal of the excess trypsin solution, each gel piece was incubated at 37°C overnight. The trypsin-digested peptides were extracted from the gel by incubating with 70 l of 50% MeCN containing 3% formic acid (FA) three times. The extracts were combined and evaporated. The digested peptide mixture from each gel piece was dissolved in 6 l of MeCN containing 0.1% FA.
LC/MS/MS Analysis-The digested peptides were analyzed using a capillary liquid chromatography system (CapLC; Waters/Micromass, MA) connected online to a tandem mass spectrometer (QToF-2, Waters/Micromass) equipped with a nanoelectrospray source (Z spray) operated in the positive ion mode. Extracted peptides were injected onto a trapping column (-Precolumn cartridge filled with PepMap C18, 5 m, 100 Å, 300 m in inner diameter, 5 mm in length (LC Packings, Sunnyvale, CA)) and washed with aqueous 0.1% FA at a flow rate of 25 l/min for 3 min. The trap column was then connected to a C18 reversed-phase analytical column (filled with PepMap C18, 5 m, 300 Å, 75 m in inner diameter, 150 mm in length (LC Packings)) by valve switching. The analytical column was preequilibrated with 5% solvent B (see below) and eluted at a flow rate of 200 nl/min with a 100-min MeCN gradient (see below). For gradient elution, the 2 l/min combined flow from pumps A (solvent A: 5% MeCN, 0.1% FA) and B (solvent B: 95% MeCN, 0.1% FA) was reduced to ϳ200 nl/min by splitting. Gradients (starting with sample injection) were: 5% B from 0 to 30 min, linear increase to 22% B over the next 55 min, increase to 50% B over the next 31 min, increase to 95% B over the next 5 min, maintenance at 95% B for the next 2 min, and decrease to 5% B over the next 2 min.
Acquisition of MS/MS spectra was performed with the following parameters. Electrospray ionization was performed with the capillary voltage set at 2,200 V, the cone set at 40 V, and the extractor set at 0 V. The collision cell was set at 10 V as a default setting, the source block temperature was 80°C, and the multichannel plate detector was set at 2,000 -2,200 V. The mass spectrometer was operated in the survey scan mode, with up to two of the most intense precursor ions automatically selected. Singly, doubly, or triply charged ions were targeted for collision-induced dissociation fragmentation. Survey scans were recorded from 400 to 1,700 m/z for 0.95 s with an interscan time of 0.05 s, whereas MS/MS scans, performed sequentially for the selected precursor ions, were recorded for 0.95 s from 50 to 1,600 m/z. After total ion counts of MS/MS spectra had risen above 1,200 or MS/MS spectra had been collected for 6 s, the MS/MS scan was switched back to the survey scan. Target ions already selected for MS/MS were dynamically excluded during the subsequent period of 200 s.
After acquisition of the LC/MS/MS data, the raw data were automatically processed using MassLynx version 4.0 (Waters) software to extract peak lists, using the following parameters: for background subtraction, polynomial order 1 and below curve, 40%; for smoothing, smooth window, 3.00, number of smoothings, 2 with smoothing mode Savis Golay; for centroid, minimum peak width at half-height, 4, and centroid mode, centroid top 80%.
Data Base Search and Data Analysis-The obtained peak lists were subjected to a protein data base search using MAS-COT version 2.1 (Matrix Science, London, UK) (9) . The protein data base used for the present analyses, named "CionaϩNCBInr" (4,225,027 sequences, 1,466,783,644 residues), included Ciona-derived sequences, "Ciona" (125,201 sequences, 52,793,543 residues), and excess decoy sequences (NCBI non-redundant sequences; 4,099,826 sequences, 1,413,990,101 residues; release 156.0, October 15, 2006; ncbi.nih.gov/blast/db/FASTA/nr.gz). The following sequences of predicted proteins were combined for Ciona: KYO-TOGRAIL2005 gene models and full-length cDNA sequences (ghost.zool.kyoto-u.ac.jp/indexr1.html) (5), JGI versions 1.0 and 2.0 filtered gene models (genome.jgi-psf.org/Cioin2/ Cioin2.home.html), Ensemble ab-initio peptide version 2.0 (ensembl.org/Ciona_intestinalis/index.html), and all Themis protein sequences (7) . The following criteria were used to obtain confident results: 1) the hits of peptide derived from Ciona sequences were selected; 2) each ion score should be more than 20; and 3) the protein score, which is the sum of peptide scores, must be greater than 40. Ratio of false identifications was estimated to be about 1.0% by a data base search with the same query peak list and the same criteria against a decoy data base containing reversed Ciona sequences (Fig. 1D) . In the present analyses, proteins that had more than three iden-tified peptides were selected, and their protein scores were employed for approximate quantification of abundance of each protein and comparison of relative abundances between different samples (10 -12) . Protein score in each sample was normalized on the basis of protein score with linear normalization. A linear normalization factor was computed per sample by setting the geometric mean of protein score to 300. The normalization values were 1.07, 1.51, and 1.23 for VC, FT, and AE samples, respectively. VC-enriched proteins were selected by the following criteria: 1) the protein should have more than three peptides identified in the VC sample and 2) relative values ("ratio" in supplemental Table S3 ), which were calculated by dividing the normalized protein score in the VC by that in FT, were more than 10, or the protein was not detected in FT. All proteins identified in the VC were categorized into several groups according to their functions that were predicted from BLASTP results and/or domain architectures determined by SMART (smart.embl-heidelberg.de/) program (supplemental Table S2 ). The functional classification was performed as previously described (13) .
Immunological Procedures-A mouse antiserum was raised against a glutathione S-transferase fusion protein of a CiApoBL fragment containing the region corresponding from KLYREDWL to AGRVNLKF.
To examine the spatial distribution of Ci-ApoBL, defolliculated eggs were fixed with 4% paraformaldehyde in phosphatebuffered saline (PBS) on ice for 1 h and then washed with PBS. Saturation of nonspecific binding sites was achieved by incubation with 3% bovine serum albumin in PBS for 1 h. After incubation with the anti-Ci-ApoBL polyclonal antibody in PBS for 3 h, the specimen was washed with PBS. Signals were detected with a rhodamine-conjugated anti-mouse IgG.
Far Western analysis was performed as previously reported (14) . Sperm homogenate was subjected to SDS-PAGE and transferred onto a nitrocellulose membrane. After a 1-h incubation in a blocking buffer (1% skim milk in 1 ϫ PBS), CiApoBL-containing egg homogenate in the blocking buffer was overlaid on the membrane, allowing Ci-ApoBL to bind to its potential binding partners on the membrane overnight at room temperature. The Ci-ApoBL-interacting proteins were detected by the anti-Ci-ApoBL antiserum.
Single Nucleotide Polymorphism Analysis-Gonad RNA and genomic DNA samples were individually prepared from wild animals. cDNAs were synthesized using a SuperScript III first-strand synthesis system (Invitrogen) primed with oligo(dT). cDNA and genomic fragments were amplified with gene-specific primers (v-Themis-like1-fwd, 5Ј-GAGCGGAATG-TACAAAATCTGGTTGG-3Ј; v-Themis-like1-rev, 5Ј-TACAA-ATCGCAGGTCTGGGTTAGCTG-3Ј; kyotograil2005.78.4.1-fwd, 5Ј-AAAGTTTGGCAGCGTGTACCTTGCT-3Ј; kyotograil2005.78.4.1-rev, 5Ј-AAGTCGGTGTCGTGGTTC-CAACTTT-3Ј; kyotograil2005.726.5.1-fwd1, 5Ј-GCTCCCTTCA-TTGCAAAACGAAGAA-3Ј; kyotograil2005.726.5.1-rev1, 5Ј-CAC-TCGTAAAAGCAATTGGCACGAG-3Ј; kyotograil2005.726.5.1-fwd2, 5Ј-TGGAAAGCCAAGAATTGTCAACCAA-3Ј; kyotograil2005.726.5.1-rev2, 5Ј-TGAAATGATGAGAATCCT-GTGCAAGC-3Ј; kyotograil2005.739.4.1-fwd1, 5Ј-AAGATGAA-GACAACGACGATGCAATA-3Ј; kyotograil2005.739.4.1-fwd2, 5Ј-TATTGGTGACATAGAAGCGAGGTTGA-3Ј; kyotograil2005.739.4.1-rev1, 5Ј-AACATGATGGTTCGTATTCA-CTGACG-3Ј; kyotograil2005.739.4.1-rev2, 5Ј-CATGTACACGAC-CAAATTCCACGATA-3Ј; kyotograil2005.112.19.1-fwd, 5Ј-ACAC-AACTGTATCAGGGGTGGCTCA-3Ј; kyotograil2005.112.19.1-rev, 5Ј-GCCTCTTGTTCTGCCTGGTTTGTTT-3Ј). The amplified fragments were sequenced directly using the same primers as those used for amplification.
RESULTS AND DISCUSSION
Proteomic Analysis of the VC in C. intestinalis-The mature egg of C. intestinalis is surrounded by test cells, the VC, and a layer of follicle cells covering the outer surface of the VC (Fig.  1A) . Defolliculated eggs were homogenized and filtered through a nylon mesh. Homogenates of the egg and test cell passed through the mesh, whereas the VC was retained. To reduce the contaminating egg fragments or test cell-derived materials, the VC was further purified manually under a binocular microscope (Fig. 1B) . The flow-through specimen (FT) was also saved for later use as the VC-free egg extract.
The VC fraction was subjected to SDS-PAGE and the gel was cut into small pieces (Fig. 1C) . Each gel slice was treated with trypsin, followed by reverse-phased high performance liquid chromatography/electrospray ionization tandem mass spectrometry (LC/MS/MS). Each sample was measured twice. Fig.  1D (left column) shows a summary of proteomic analyses of the VC fraction. More than 80,000 spectra, each of which was derived from a trypsin-digested peptide ion, were detected in LC/ MS/MS analysis. A data base search against a combined data base of the three predicted gene models in this species (e.g. Refs. 4 and 5) (ghost.zool.kyoto-u.ac.jp/indexr1.html, genome. jgi-psf.org/Cioin2/Cioin2.home.html, and www.ensembl.org/ Ciona_intestinalis/index.html) using the MASCOT search engine (9) yielded 815 proteins. A comprehensive list of the proteins is available in supplemental Table S1 . The rate of false identifications was estimated to be around 1.0% by searching the same data set against a decoy data base consisting of reversed protein sequences of the same gene model set (15) . Abundance of each protein can be roughly estimated with the protein score presented by the MASCOT search engine, which is the sum of peptide scores, and spectral counting (supplemental Table S1 and Refs. 10 -12) .
Among the 815 proteins, 530 identified with more than three peptides were chosen for the following functional classification. Thirteen categories used for this analysis are shown in supplemental Table S2 . Based on the number of protein species, the VC fractions, thus prepared, contained many proteins involved in protein synthesis (79 proteins, 14.9%) as well as many proteins for energy reproduction (65, 12.3%), catalysis (64, 12.1%), and proteolysis (48, 9.1%) ( Fig. 2A, upper panel) . On the other hand, based on the protein amounts, proteins involved in protein transport were the most abundant (24.9%) in the VC, followed by extracellular matrix proteins (14.7%) and cytoskeletal proteins (13.3%) (Fig. 2B, upper panel) . Several proteins that were predicted to be localized intracellularly, such as metabolic enzymes and mitochondrial proteins, were also detected. These results suggest that our VC fraction is still contaminated with the egg-or test cell-derived proteins.
To distinguish "true" VC-specific components from such putative contaminants, we also analyzed the protein composition of the mesh FT fraction, which contains egg cell/test cell homogenates and fluid in the perivitelline space (Fig. 1A) . By using the same strategy and criteria as those used for the VC fraction, 1,044 proteins were identified in the FT fraction (Fig.  1D , middle, and supplemental Table S3 ). Then we compared the protein abundance of the VC fraction and those of the FT fraction (Fig. 2C) . We identified 129 proteins that are abundant in the VC fraction but almost absent in the FT fraction, which are defined as "VC-enriched" components. Table 1 and supplemental Table S4 show lists of the VC-enriched components, of which relative abundances in the VC are more than 10 times higher than those in the FT. Functional classification of the VC-enriched proteins revealed that the percentages of protein species involved in catalysis (6 proteins, 4.7%) and protein synthesis (4, 3.1%) were clearly decreased, whereas the percentages of protein species involved in extracellular matrix for-FIGURE 1. Proteomic analysis of the VC proteins. A, procedure for isolation of VC, FT, and AE samples. B, manually purified VC. C, one-dimensional PAGE of the VC fraction. Numbers at right indicate the slices used for in-gel digestion. D, summary of the proteomic analyses. All MS/MS spectra that hit the forward data base were subjected to a search against the reverse data base and used for the estimation of false-positive rate. Formula for the false-positive rate (%): 100 ϫ (number of reverse identifications) per (number of forward identifications). mation (18, 14.0%) and signal transduction (17, 13.2%) were increased ( Fig. 2A, lower panel) . This tendency became more apparent when protein abundance was considered: 72.7% of the VC-enriched proteins were classified as extracellular matrix proteins (Fig. 2B, lower panel) . We concluded that the comparative analysis could reveal the true VC-specific proteins.
A Putative Egg Yolk Protein Abundantly Resides on the VCThe most abundant component found in the VC was an apolipoprotein-B-like protein (Ci-ApoBL). Because of its abundance in the FT fraction, it was not classified as a VC-enriched protein. This protein probably represents the major yolk protein in the egg. To determine whether Ci-ApoBL is a true VC component, we raised a mouse polyclonal antibody against a glutathione S-transferase fusion protein of Ci-ApoBL. The antiserum detected a distinct 100-kDa band in both of the VC and the VC-free FT lanes (supplemental Fig. S1A ). Immunocytochemistry showed that Ci-ApoBL resides on the VC as well as in the egg cytoplasm (supplemental Fig. S1B) .
To investigate a possible role of the VC-resident Ci-ApoBL protein in fertilization, we explored sperm-borne binding partners for Ci-ApoBL by Far Western analysis. The results showed that Ci-ApoBL specifically recognizes a 70-kDa sperm protein (supplemental Fig. S1F ). This suggests that Ci-ApoBL on the VC may be involved in the interaction between sperm and the VC of the egg.
Abundance of ZP Domain-containing Proteins in the VCThe egg coat of mammals, called the zona pellucida (ZP), has a relatively simple molecular composition (16) . For example, in mouse, the ZP is composed of three major glycoproteins, designated ZP1, ZP2, and ZP3, all of which contain a ZP domain at the C terminus and are highly glycosylated with N-and O-linked carbohydrate chains. It is thought that ZP2 and ZP3 dimerize to form long filaments, which are cross-linked by ZP1. The ZP domain has been shown to be responsible for polymerization of ZP-domain-containing proteins (17) . It has been suggested that ZP3 is a primary species-selective adhesion molecule for sperm on the ZP (16). ZP2 is thought to play a role in the secondary binding of sperm to the ZP after acrosome reaction and during ZP penetration (18) . In addition to mammals, ZPdomain-containing proteins are found in the egg coat of nearly all vertebrates (19) and some invertebrates (20) , suggesting that the molecular composition of the egg coat is evolutionally conserved. In C. intestinalis, the identified VC components included 11 proteins that harbor a ZP domain, four of which have already been reported (CiVC16, CiVC20, CiVC182-1, and CiVC569) (21, 22) but the others being novel (supplemental Table S1 ). Following the nomenclature proposed in Ref. 22 , we designated the seven novel proteins as CiVC15 (encoded in scaffold 15 of the genome assemble in JGI version 1 (Ref. 4) ), CiVC50, CiVC57, CiVC66, CiVC182-2, CiVC187, and CiVC324, respectively. CiVC182 originally reported in Ref. 21 was renamed CiVC182-1 because scaffold 182 encodes two ZP-domain-containing VC proteins. All of the proteins except for CiVC66 and CiVC187 were highly enriched in the VC (Table 1 and Fig. 2D) . Moreover, the seven CiVC proteins each contain a single or multiple epidermal growth factor (EGF)-like domains (Fig. 3) . This architectural feature seems to be characteristic of ascidian VC proteins. In another ascidian, Halocynthia roretzi, it has been shown that a 70-kDa glycoprotein, HrVC70, is the most major component of the VC and that it is processed from its precursor HrVC120, containing 13 EGF-like repeats and a ZP domain (23) . In Halocynthia aurantium, HaVC130, the ortholog of HrVC120, was isolated (24) . In H. roretzi, two more proteins that contain both EGF and ZP domains, designated as HrVLP-1 and -2, were identified as HrVC70-interacting proteins by yeast two-hybrid screening baited with HrVC70 and shown to be highly expressed in the ovary (25) . In addition to EGF-like domains, several CiVC proteins contain other functional domains such as a von Willebrand factor domain or a Dickkopf-N domain in the N-terminal side of the ZP domain.
Close inspection of the proteomic data provided some insights into putative post-translational modifications on CiVC proteins. For example, the observed high molecular masses of CiVC15 and CiVC66 suggest that they are highly N-glycosylated, as they have a number of predicted N-glycosylation sites (supplemental Fig. S2A ). CiVC57 was detected in almost all of the gel slices with a wide range of molecular masses. The profile of CiVC57-derived peptide ions detected in each gel slice predicts its possible processing pattern on the VC (supplemental Fig. S2B ). Among the characterized CiVC proteins, CiVC57 is a main component and seems to be an ortholog of HrVC120 and HaVC130 (Fig. 3) .
Functions of ZP proteins have been most extensively studied in mouse. Although ZP3 has been shown to play an important role in initial gamete adhesion (16) , an alternative binding mechanism has been proposed (26) . In mouse, ovulated ZP but not ovarian ZP shows a ZP3-independent sperm binding activity. Although the molecular natures of ZP-borne and sperm surface-borne binding molecules involved in this alternative binding are not known, it has been proposed that interaction between these hypothetical molecules is mediated by a bridging protein named SED1, which contains EGF-like repeats and discoidin/F5/8 C domains (26) . In fact, sperm from SED1-null males reduces the binding ability to the ZP, although the animal retains partial fertility.
The architecture of the CiVC proteins harboring both EGFlike repeats and a ZP domain raises a possibility that they have dual roles corresponding to ZP3-dependent and -independent binding molecules in mammals. In H. roretzi, the physiological role of EGF-like domains of HrVC120 (HrVC70) has already been demonstrated by isolation of its sperm-borne binding partner, which was designated as HrUrabin (14) .
Identification of VC-resident Self-sterility Molecules-C. intestinalis is a hermaphroditic animal showing a highly evolved self-sterility system. We previously characterized the genetic scheme of this system, governed by two unlinked loci, designated as loci A and B (7). The candidate region for locus A in chromosome 2q was restricted to a region as narrow as 170-kbp in length, whereas that for locus B was mapped within a 1-Mbp region in chromosome 7q. Each self-sterility locus encodes a linked set of genes of male-side and female-side recognition molecules, which make up a single haplotype. Self/nonself discrimination takes place on the basis of the self-recognition between molecules from the same haplotype. The genetic proximity of male-side and female-side molecules ensures success-ful inheritance of the allo-specific interaction between them. Also, previous biochemical studies have shown that the femaleside recognition molecules reside on the VC (6) .
In the present study, we detected more than 800 proteins in the VC fraction (supplemental Table S1 ). This list is very comprehensive and should include almost all VC components that are soluble in the SDS sampling buffer. Within the candidate region for locus A, only one protein appears in the list (Table 2) . This protein, which has already been designated as v-Themis-A, consisted of a fibrinogen-C-terminal domain. Similarly, locus B encoded five VC proteins (Table 2) , one of which turned out to be a v-Themis-B, showing significant homology to v-Themis-A. Both v-Themis-A and -B are highly polymorphic proteins (7) . We revealed that four VC-resident molecules other than v-Themis-B encoded in locus B have little or no polymorphisms among individuals (data not shown). Therefore we concluded that v-Themis-A and -B are the female-side responsible genes for the self-recognition of loci A and B, respectively. The results that both v-Themis proteins were enriched in the VC fraction (Table 1 ) also coincided with our above mentioned conclusion.
Our MS/MS analysis revealed several types of alleles for both v-Themis proteins in the VC fraction, which was derived from limited numbers of wild animals. This implies that sequence variations of v-Themis may not be random and that the numbers of their alleles are finite; otherwise we would have failed to identify the v-Themis-derived peptides in the protein data base because the degree of their sequence variations is extremely high. It is notable that observed molecular masses were always higher than the predicted one (ϳ37 kDa) and showed considerable variations among alleles (supplemental Fig. S3) .
Other VC-enriched Proteins-Besides homologs of vertebrate ZP proteins and v-Themis proteins, a number of proteins were significantly enriched in the VC fraction. As shown in Table 1 , a protein showing striking homology to v-Themis-A/B (kyotograil2005.78.35.1) was found in the VC-enriched protein list. We designated this protein v-Themis-like1. v-Themislike1 is composed of a single fibrinogen C-terminal domain like v-Themis, and it shows not only structural similarity but also chromosomal proximity to v-Themis-B, although v-Themislike1 itself is located just outside the candidate region for locus B. Its abundance in the VC was much higher than that of v-Themis-B. We performed reverse transcriptase-PCR experiments on the v-Themis-like1 gene for several individuals and found that it was expressed in all individuals and showed little sequence variations (data not shown). This indicates that v-Themis-like1 is not an allele of the v-Themis-B gene but an independent gene.
The VC-enriched proteins also include a protein containing numerous EGF-like and transforming growth factor-␤-like domains (kyotograil2005.60.2.1), a von Willebrand factorlike domain-containing protein (SNAP_CIONA00000044790), a CUB and Sushi multiple domain-containing protein (kyotograil2005.400.6.1), and a thrombospondin type 1 repeatcontaining protein (ci0100149229) ( Table 1 and supplemental  Table S4 ). Although functions of these proteins for gamete recognition are not known yet, their domain architectures seem to imply that they have functions in molecular interactions.
v-Themis Proteins Are Not Extracted from the VC with Acid Treatment-In ascidians, the VC barrier against self-fertilization is known to be sensitive to acid or protease treatment, and this was previously thought to be due to the loss of self/nonselfrecognizable barrier molecules from the VC (27) (28) (29) . We therefore performed proteomic analysis of the supernatant fraction extracted from non-homogenized and defolliculated eggs with 10 mM HCl-containing artificial seawater (AE, Fig. 1A ) and identified 900 proteins (Fig. 1D, right, supplemental Table S5 ). However, neither v-Themis-A nor -B proteins were detected in the acid supernatant (Table 1) . Moreover, CiVC57 and the other CiVC proteins were scarcely extracted from the VC by acid treatment under these conditions (Table 1) .
In contrast to the classical views (27) (28) (29) , allorecognition molecules (v-Themis proteins) were hardly extracted by weak acid. Although v-Themis itself is resistant to acid, certain auxiliary molecules that play essential roles for the function of v-Themis may be sensitive to weak acid or may be lost from the VC by the acid treatment. As shown in Table 1 , the relatively small number of VC-enriched proteins was extracted with weak acid. Among the VC-enriched proteins, v-Themis-like1 was most abundant in the AE fraction. It would be an attractive hypothesis that v-Themis-like1, which also contains a fibrinogen C-terminal domain like v-Themis, interact and cooperate with v-Themis proteins on the VC, and its loss by acid treatment leads a breakage of the self-sterility barrier. Conclusions-Fertilization is a choreographed biological reaction performed by prearranged molecules rather than by newly synthesized ones. This implies that the proteome and interactome involved in fertilization are relatively "static" compared with those in other biological reactions. Therefore, identifications of each molecule and molecular interaction are quite important for understanding the total mechanism of fertilization.
Comprehensiveness of our present "OMICS" analysis provides a firm foundation for studies on the VC function. For example, one of the prominent functions of the VC in this species is a barrier, acting specifically against homogenous sperm. Identification of v-Themis proteins as the VC-resident femaleside self-sterility molecules, which had long been searched for since the discovery of this phenomenon by T. H. Morgan (30) , was achieved by a combination of our previous genetic and present proteomic analyses. Particularly, in locus A, these lines of evidence clearly showed that v-Themis-A is a sole candidate for the self-sterility gene.
Each v-Themis gene is located within the first intron of the respective s-Themis gene, which encodes a polycystin 1-like cation channel, in the chromosome. s-Themis gene is highly expressed in the testis, and extracellular domains of s-Themis proteins show extreme polymorphisms (7) . The inheritance mode of the self-sterility phenotype suggests that v-Themis ligand protein on the VC is specifically recognized by "self-" (encoded by the same haplotype) s-Themis receptor protein.
The molecular mechanism of this v/s-Themis-mediated selfincompatibility system was exhaustively discussed elsewhere (7, 31) . Our next goal is to determine the male-side self-sterility molecule by a similar proteomic analysis on the sperm surface proteins.
